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ABSTRACT 
 
Soil contamination is a result of human activities that allow hazardous substances to 
accumulate in soil and thereby increase the risk to the environment or to human health. 
There is an estimate of over 2.5 million contaminated sites in Europe and nearly 24 000 
of these are in Finland. The most common soil contaminants are oil hydrocarbons and 
metals. The main anthropogenic activities that contribute to soil contamination include 
fuel distribution and storage, industrial activity, waste treatment, shooting ranges and 
sawmill and impregnation areas. Soil restoration has been done mainly by excavating and 
treating or placing the contaminated soil elsewhere (ex situ -treatment). An alternative 
method is to treat soil in the contaminated area, in situ, without excavation, which reduce 
both environmental effects and remediation costs. The low use of in situ treatments can 
be explained by a lack of knowledge, lack of experiences, the uncertainty about treatment 
effectiveness, uncertainty about cleaning performance and the longer time usually needed 
for in situ -remediation.  
 
Various in situ remediation methods were evaluated for this PhD project by using 
laboratory-, pilot- and field scale experiments, and comparing their usefulness and 
effectiveness in treating soils contaminated with organic contaminants. The study focused 
on organic contaminants, found most often in contaminated areas, which include: oil 
hydrocarbons, polycyclic aromatic hydrocarbons (PAHs) and chlorinated aromatic 
hydrocarbons (chlorophenols). The soils used in the study were mainly obtained from a 
former gas station and wood impregnation areas. In addition, a real fuel spill accident was 
simulated on a pilot scale, after which the effect of different in situ remediation methods 
were compared. The remediation methods studied in this thesis used the five following 
approaches: 1) enhancement of microbiological degradation capacity via forest soil 
addition, 2) biostimulation, i.e. increase of microbiological degradation by improving soil 
nutrient and oxygen content, 3) enhanced bioavailability of water insoluble contaminants 
by using a surfactant (methyl-β-cyclodextrin), 4) chemical oxidation with hydrogen 
peroxide and 5) the use of electrokinetic remediation. 
 
1) The addition of organic forest soil on top of chlorophenol contaminated mineral soil 
significantly increased chlorophenol degradation under optimal conditions. The positive 
effect was also seen under field conditions. 2) The most important factor for increasing 
the degradation of contaminants by microbial action was an improvement of soil nutrient 
ratios via nitrogen amendment. Biostimulation of freshly oil-contaminated soil caused 
changes in soil microbial community and decreased the oil leakage through the soil, and 
it was deemed to be a suitable method to use in groundwater areas. 3) Biostimulation in 
PAH-contaminated soil reduced the amount of low molecular weight PAH-compounds. 
Surfactant was useful in the solubilisation and enhanced biodegradation of 4-5 ringed 
PAH-contaminants. 4) Chemical oxidation was not effective for fresh, oil-contaminated 
soil but it increased the oil migration through the soil. The method also requires large 
amounts of reagents and an effective infiltration system. 5) An electric field that was 
introduced into the dense and wet soil, caused soil dewatering, after which the soil vapor 
extraction was effective for the removal of volatile organic contaminants. 
 
Biostimulation is applicable to use as a first remediation method to decrease easily 
degradable, organic contaminants from the soil. The combination of different methods 
and their sequential use can decrease the need for excavation. Decisions about 
remediation should be done early enough to make the use of in situ methods feasible. 
 
 
TIIVISTELMÄ 
 
Maaperä pilaantuu kun ihmisen toiminnan seurauksena maaperään päätyy haitallisia 
aineita, jotka aiheuttavat vaaraa ympäristölle tai ihmisen terveydelle. Pilaantuneiksi 
luokiteltuja alueita on Euroopassa arvioitu olevan yli 2.5 miljoonaa ja Suomessa lähes 24 
000. Yleisimmät pilaantumista aiheuttavat haitta-aineet ovat öljyhiilivedyt ja metallit ja 
merkittävimpiä pilaantumista aiheuttavia toimintoja polttoaineen jakelu ja varastointi, 
teollinen toiminta, jätteen käsittely, ampumaradat sekä sahat ja kyllästämöt. Pilaantuneen 
maaperän kunnostamista on tehty pääosin kaivamalla maamassat ja käsittelemällä tai 
sijoittamalla ne muualla (ex situ –kunnostus). Vaihtoehtoisesti maaperä voidaan 
kunnostaa in situ, paikan päällä ilman kaivamista, mikä vähentää sekä 
ympäristövaikutuksia että kunnostuskustannuksia. In situ –kunnostuksen vähäiseen 
käyttöön vaikuttavia tekijöitä ovat muun muassa tiedon ja kokemusten puute, epävarmuus 
tekniikoiden toimivuudesta ja puhdistustuloksesta sekä kunnostuksen pidempi kesto.  
 
Tässä väitöskirjatyössä tutkittiin laboratorio-, pilot- ja kenttämittakaavan kokeilla 
erilaisia in situ soveltuvia kunnostusmenetelmiä ja arvioitiin niiden toimivuutta ja tehoa 
orgaanisilla saasteyhdisteille pilaantuneiden maiden puhdistumisessa. Tutkimuksessa 
keskityttiin yleisimmin maaperistä löytyviin orgaanisiin saasteyhdisteisiin 
öljyhiilivetyihin, polysyklisiin aromaattisiin hiilivetyihin (PAH) sekä kloorattuihin 
aromaattisiin hiilivetyihin (kloorifenolit). Tutkimuksessa käytetyt maa-ainekset olivat 
peräisin pääosin vanhoilta huolto-asema- ja puun kyllästämö alueilta. Lisäksi pilot 
mittakaavan kokeessa mallinnettiin oikeaa polttoaineonnettomuutta ja vertailtiin eri 
menetelmien tehokkuutta tuoreen saastemaan puhdistamisessa. Tutkittavat 
kunnostusmenetelmät perustuivat 1) mikrobiologisen hajotuskapasiteetin parantamiseen 
humuslisäyksen avulla, 2) biostimulaation eli mikrobiologisen hajotustoiminnan 
lisäämiseen maan ravinne- ja happipitoisuutta parantamalla, 3) veteen liukenemattomien 
yhdisteiden biosaatavuuden parantamiseen pinta-aktiivisen aineen (metyyli-β-
syklodekstriini) avulla, 4) kemialliseen hapetukseen vetyperoksidin avulla sekä 5) 
elektrokinetiikan käyttöön kunnostustoimien tehostamiseksi. 
 
1) Orgaanisen metsämaakerroksen lisäys kloorifenoleilla saastuneen mineraalimaan 
päälle lisäsi kloorifenolien hajoamista optimiolosuhteissa merkittävästi. Myös 
kenttäolosuhteissa humuksen positiivinen vaikutus oli havaittavissa. 2) Tärkein 
mikrobihajotusta edistävä tekijä oli saastuneen maan ravinnetasapainon parantaminen 
typpilisäyksellä. Tuoreessa öljyllä saastuneessa maassa biostimulaatio muutti maan 
mikrobiyhteisön koostumusta sekä vähensi maan läpi kulkeutuvan öljyn määrää, 
osoittautuen näin soveltuvaksi menetelmäksi myös pohjavesialueille. 3) PAH-maassa 
biostimulaation avulla saatiin pienimolekyyliset PAH-yhdisteet vähenemään. Pinta-
aktiivinen aine osoittautui kannattavaksi 4-5 renkaisten PAH-yhdisteiden irrottamisessa 
ja hajottamisessa maasta. 4) Kemiallinen hapetus ei saanut aikaan tuoreen öljymaan 
puhdistumista mutta lisäsi öljyn kulkeutumista maan läpi. Menetelmä vaatii suuria 
reagenssiannoksia ja tehokasta reagenssin syöttötapaa. 5) Maahan muodostetun 
sähkökentän avulla saatiin tiivis savimaa kuivumaan, jolloin huokoskaasukäsittely 
haihtuvien orgaanisten yhdisteiden poistamiseksi tehostui.  
 
Biostimulaatio sopii ensisijaiseksi keinoksi vähentää orgaanisia helposti hajoavia 
saasteyhdisteitä maasta. Eri menetelmien yhdistelmällä ja vuorottaisella käytöllä voidaan 
vähentää tai poistaa massanvaihdon tarvetta. Päätökset pilaantuneiden alueiden 
kunnostuksesta tulisi tehdä aikatauluilla, jotka sallivat in situ –menetelmien käytön. 
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1. INTRODUCTION 
 
1.1 Soil contamination 
 
Soil is the top layer of the land on earth´s 
surface and it is composed of weathered 
rock particles i.e. minerals, organic matter, 
water, air and living organisms. It can be 
considered to be a non-renewable resource 
due to the extreme slowness of the soil-
forming processes (SOER 2010, JRC 
2012). Soil has an essential role in many 
life maintaining functions including food 
production, non-food biomass production, 
nutrient cycling, and purifying water 
supplies (SOER 2010, JRC 2012). Various 
human activities have caused soil 
degradation, which has become an 
increasing, widespread problem and 
contamination is one of the main threats to 
soil. Large scale soil contamination can be 
said to have started in the 19th century due 
to the wide-scale industrialization and 
rapid technological developments 
(Swartjes 2011). The growing awareness 
of the problems related to soil 
contamination has only occurred in the last 
few decades. 
 
A contaminated site is an area, where 
hazardous substances caused by human 
activities are present in quantities that 
endanger or pose a risk to human health or 
the environment (Ministry of Environment 
2014, SOER 2010). Local soil 
contaminations vary in size and intensity, 
and have a heterogeneous contamination 
patterns. These result from intensive 
industrial activities, inadequate waste 
disposal, mining, military activities or 
accidents (SOER 2010, Swartjes 2011). In 
diffuse soil contamination cases, the 
contaminant source can be dispersed over 
a large area via atmospheric deposition, 
flood events or by agricultural activities 
(SOER 2010, Swartjes 2011). Two 
significant reasons for diffuse 
contamination is the over-application of 
pesticides and of mineral fertilisers (JRC 
2012).    
 
The numbers and variety of different soil 
contaminants are vast as are the types of 
contamination sources. The main 
categorization can be made between 
organic and inorganic contaminants and 
further sub-groupings of these 
contaminants are based on their chemical 
structures (Table 1). The chemical 
structure also affects the compound´s 
behavior in the environment; e.g. how 
persistent, volatile or soluble it is. The 
most hazardous contaminants are the 
persistent organic pollutants (POPs), 
which are resistant to chemical, biological 
and photolytic degradation. 
 
Evaluation of the extent of soil 
contamination is restricted by the variable 
inventory and mapping systems used by 
different countries. The number of 
estimated potentially contaminated sites in 
Europe is over 2.5 million of which about 
14% are actually identified (Liederkerke et 
al. 2014, Panagos et al. 2013). In the 
United States the National Priorities List 
of the U. S. Environmental Protection 
Agency (EPA) contains 1383 proposed or 
identified most serious uncontrolled or 
abandoned hazardous waste sites (EPA 
2016). A systematic inventory of 
contaminated sites was implemented in 
Finland in the 1980s. Nowadays, the 
information on contaminated, potentially 
contaminated and cleaned up land areas in 
Finland are collated in the MATTI soil 
condition database, which was created and 
is run by the Finnish environmental 
administration, and shows that the number 
of recognized sites is nearly 24 000 (Pyy 
et al. 2013). The main contaminant 
categories that contribute to the local soil 
contamination in Europe and in Finland 
are heavy metals and mineral oil 
(Liederkerke et al. 2014, Pyy et al. 2013). 
The main activities that contribute to the 
soil contamination in Europe are waste 
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disposal and treatment and industrial and 
commercial activities (Fig. 1). In industrial 
sector the metal industry and in service 
sector the gasoline stations are the main 
sources (Panagos et al. 2013).
 
Table 1. Main soil contaminant categories including examples of soil contaminant 
compounds and contamination sources (Valentin et al. 2013, Swartjes 2011, 
Reinikainen 2007) 
Contaminants Examples Source of contamination 
Inorganic 
 Metals/metalloids Pb, Cd, Hg, Zn, Cr, Cu, As gasoline stations, shooting ranges (Pb), mining 
and foundry activities (As, Cd, Pb, Zn), 
agricultural practices (Cd, As), batteries (Pb, 
Cd), wood preservation (Cr, Cu, As), 
fungicides (Hg), metal industry (Cr, As, Hg, 
Cd), waste combustion and treatment (As, Hg) 
 Non-metals cyanide gas work sites, electroplating processes 
nutrients (nitrate, phosphate, 
potassium salts, sulfate) 
agricultural practices 
Organic 
 Chlorinated 
 Aromatics chlorophenols (e.g. TCP, TeCP, 
PCP) 
wood preservatives, pesticides, disinfectants 
polychlorinated dibenzo-p-
dioxins and polychlorinated 
dibenzofurans (PCDD/PCDF) 
incineration of chlorine-containing waste, 
impurities in wood preservatives or PCB 
products 
polychlorinated biphenyls 
(PCB) 
hydraulic oils and lubricants, electrical 
insulators and heat transfer agents, paints 
dichlorodiphenyltrichloroethane 
(DDT) 
insecticides 
 Aliphatics dichloromethane (DCM) cleaning agent in plastic industry, solvent in 
paints, glues and strippers 
dichloroethylene (DCE), 
trichloroethylene (TCE),  
tetrachloroethylene (PCE) 
dry-cleaning industry, solvent agent in 
industry 
vinyl chloride PVC-production, degradation product of 
chlorinated hydrocarbons TCE and PCE 
 Non-chlorinated 
 Oil hydrocarbons alkanes, alkenes, cycloalkanes oil industry, gasoline stations 
Polycyclic 
aromatic 
hydrocarbons 
(PAHs) 
naphthalene, acenaphthylene, 
acenaphthene, fluorene, 
phenanthrene, anthracene, 
fluoranthene, pyrene,  
benzo(a)anthracene, chrysene, 
benzo(b)-fluoranthene, 
benzo(k)- fluoranthene, 
benzo(a)pyrene, 
benzo(ghi)perylene, 
ideno(1,2,3-cd)pyrene, 
dibenzo(a,h)anthracene 
oil industry, incomplete combustion of 
carbon-containing fuels, wood preservation 
 Monomeric 
aromatic 
hydrocarbons 
benzene, toluene, ethylbenzene, 
xylenes (BTEX) 
oil industry, gasoline stations, solvents 
Nitroaromatics 2,4,6- trinitrotoluene (TNT), 
nitrobenzene, nitrophenols, 
atrazine 
explosive industry, military use, pesticides, 
herbicides 
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1.1.1 Fuel contaminants 
 
Nowadays crude oil or petroleum products 
are the most used chemicals that cause 
environmental and health related 
concerns. Contamination of the 
environment with these products has been 
vast. Reasons for soil contamination by 
fuels are usually leakages that occur 
during storage or transportation accidents.  
 
Conventional fuels (diesel and gasoline) 
are produced in the distillation of crude oil 
and both fuels consist of a heterogeneous 
mixture of hydrocarbons and other 
compounds depending on the production 
process and origin of crude oil (Speight 
and Arjoon 2012).  Diesel consists a 
mixture of C8-C40 hydrocarbons, which 
predominantly are C10-C22 aliphatic 
(paraffins, naphthenes, olefins) and 
aromatic hydrocarbons (Speight and 
Arjoon 2012, Pitz and Mueller 2011, 
Heavy 
metals
35 %
Mineral 
oil
24 %
PAH
11 %
BTEX
10 %
Others
10 %
Chlorinated 
hydrocarbons
8 %
Phenols
1 % Cyanides1 %
a)
Heavy 
metals
31 %
Mineral 
oil
39 %
PAH
8 %
BTEX
12 %
Others
4 %
Chlorinated hydrocarbons
6 %
b)
Waste 
disposal and 
treatment
37 %
Industrial and 
commercial 
activities
33 %
Storage
11 %
Others
8 %
Transport spills 
on land
8 %
Military
3 %
Nuclear 
operations
0.1 %
c)
Fuel 
distribution and 
traffic activity
31 %
Waste 
treatments/
scrap yards
13 %
Motor 
vehicle 
repair
12 %
Shooting ranges
5 %
Metal industry
5 %
Sawmill  
/impregnation 
areas
4 %
Plant/
market
gardens
4%
Other 
industry
13 %
Other 
activity
13 %
d)
IN EUROPE IN FINLAND 
 
Figure 1. Distribution of contaminants and activities that contribute to soil contamination 
in Europe (a,c) and in Finland (b,d). Redrawn and modified from Liederkerke et al. 2014 
(a-c) and FEA 2014 (d). 
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Bacha et al. 2007). Small amounts of 
heteroatoms i.e. nitrogen-, sulfur-, oxygen 
and metals containing compounds and 
different kinds of additives are also 
present (Bacha et al. 2007).  
 
Gasoline is composed of C4-C12 
hydrocarbons of which 41-62% are 
aliphatics (straight-chained and branched 
alkanes, alkenes, cycloalkanes) and rest 
are aromatics especially benzene, toluene, 
ethylbenzene, and xylene (BTEX) 
compounds (Speight and Arjoon 2012, 
Gibbs 2009, Chen 2007). Ethers such as 
methyl tertiary butyl ether (MTBE), ethyl 
tertiary butyl ether (ETBE) and tertiary 
amyl methyl ether (TAME) or alcohols 
(ethanol and methanol) have been used as 
oxygenates to enhance the octane number 
of gasoline (Gibbs 2009). 
 
1.1.2 Wood preservatives 
 
Wood-preserving and impregnation 
processes have caused soil contamination 
in numerous sawmill and other industrial 
areas. Preservative components can be 
released into the environment also from 
treated wood products. The most used 
chemicals have been creosote, 
pentachlorophenol and chromated copper 
arsenate (CCA) (Mueller 1989).   
 
Creosote is a fungicide, insecticide, and 
sporicide that is mainly used in the 
pressure treatment of railroad ties and 
utility poles (EPA 2008). It is a complex 
mixture of hundreds of chemicals of which 
200-250 are identifiable substances, and it 
is formed by the fractional distillation of 
crude coal tars in the range of 200-400 °C 
(EPA 2008, Melber 2004). The creosote 
component types and concentrations vary 
depending on the origin of the coal and the 
nature of the distilling processes. The main 
component classes are PAHs (85-90%) 
phenolic compounds (2-17%) and N-, S- 
and O-containing heterocycles (1-8%) 
(Melber 2004, Mueller 1989). Nowadays, 
the use of creosote and creosote treated 
wood has been restricted in Europe 
(REACH regulations EC No. 1907/2006 
and No. 552/2009). 
 
Chlorophenols have been used in wood 
preservation as fungicides to prevent wood 
staining. In Finland a chlorophenolic 
compound, trade named Ky-5, was used 
on a large scale in saw-mill areas during 
1940-1980s until it was banned on 1988 
(Lyytikäinen 2004). It consisted of 
powdery sodium salts of 2,3,4,6-
tetrachlorophenol (70-80%), 2,4,6-
trichlorophenol (5-15%) and 
pentachlorophenol (5-15%) and it was 
used as a 1-5% aqueous solution 
(Reinikainen 2007, Lyytikäinen 2004). 
The Ky-5 preservative also contained 
small amounts of dibenzo-p-dioxins, 
dibenzofurans, diphenyl ethers and 
phenoxyphenols, which formed as 
impurities in the production process.  
 
1.2 Soil remediation techniques 
 
Soil remediation can be performed in situ, 
in its original place, without soil 
excavation or ex situ, excavating a 
contaminated soil and treating it on the 
same site (ex situ, on site) or transporting 
it for cleaning or to landfills (ex situ, off-
site) (EUGRIS 2007, EPA 2007). 
Treatment mechanisms can be based on 
biological, physical, chemical, electrical 
or thermal contaminant removal (Table 2) 
of which biological technologies are 
estimated to be the most cost efficient 
(Juwarkar et al. 2010). In situ remediation 
is applied in a natural, heterogeneous and 
less controlled environment. Due to this 
they typically require longer treatment 
times, the uniformity of the treatment 
effectiveness in soil might be uncertain 
and the monitoring of the remediation 
progress might be difficult (EUGRIS 
2007). However, in situ treatments are 
most often the more cost effective options, 
they avoid the contaminant spreading due 
to excavation and transport, they require 
less technological equipment and are 
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relatively simple to apply in comparison 
ex situ methods (Tomei 2013). Despite the 
fact that ex situ remediation is fast, 
predictable and efficient way for soil 
decontamination, the problem is actually 
transferred from one site to another. 
Excavation and off-site treatment 
consume nonrenewable natural resources 
and energy due to the use of heavy 
machinery, transport over the long 
distances and replacement of the removed 
soil with a clean soil (Ministry of 
Environment 2014). In addition, ex situ 
remediation causes emissions and changes 
in the landscape and ecosystem. Soil 
remediation using completely or partly in 
situ methods would reduce hazardous 
environmental effects. 
 
The development of in situ remediation 
started in the early 1990s when many sites 
seemed to be too large for excavation and 
subsequent treatment (Grotenhuis and 
Rijnaarts 2011). More recently, the use of 
in situ applications have increased 
especially in the U.S., where in situ 
treatment was chosen for half of the 
Superfund cases during the latest 
documented period in 2009-2011. The 
most frequent techniques were soil vapor 
extraction, chemical treatment and 
solidification/stabilization (EPA 2013). 
However, in Europe in situ remediation is 
still relatively low; in most countries in 
situ based techniques were used for less 
than 30% of reported contaminated sites in 
2011 (Fig. 3) (Liederkerke et al. 2014). 
The low use of in situ methods is often 
explained by doubts regarding their 
efficiency and risk reduction, long-term 
ecological effects, time consumption, and 
lack of data on their suitability especially 
in Nordic conditions (Sorvari et al. 2009).  
 
1.2.1 Biological methods 
 
The simplest approach for contaminated 
site management is natural attenuation, 
which actually starts to take place in the 
moment the contaminants come into 
contact with the soil. It includes 
destructive processes such as contaminant 
degradation by soil indigenous 
microorganisms (i.e. biodegradation/bio-
remediation) and non-destructive 
processes like dispersion, dilution, 
volatilization, sorption and immobi-
lization of contaminants (Peter et al. 
2011). Biodegradation can be stimulated 
or accelerated by improving the 
environmental conditions in which case 
the soil management is known as 
“enhanced natural attenuation”. In 
biostimulation nutrients or other 
substances are added into the soil to 
increase the activity and growth of the 
indigenous microbial population, whereas 
in bioaugmentation pre-grown microbial 
cultures (single strain or consortia) are 
added into the soil (Vogt and Richnow 
2014, Peter et al. 2011, Speight and 
Arjoon 2012). Although bioaugmentation 
using enriched micro-organisms from 
contaminated sites has been proven to be 
an effective approach for remediation of 
oil-contaminated soil (Alisi et al. 2009, 
Bento et al. 2005), contradictory results on 
its effectiveness have also been published 
(Kauppi et al. 2011, Thomassin-Lacroix et 
al. 2002). The reasons for the lack of 
effectiveness of bioaugmentation are a 
failure of inoculated microorganisms to 
adapt to changes in environmental 
conditions of the new site, competition 
with autochthonous microbes and 
predation by protozoa (Tyagi et al. 2011, 
Gentry et al. 2004a). The problems related 
to bioaugmentation with cultured 
microbes can be avoided by using a soil 
inoculant containing the indigenous 
degrader population, which can be 
reintroduced into the contaminated site 
(Gentry et al. 2004b). The degradation 
capacity of the soil inoculant can evolve 
naturally (organic forest soils) or via 
previous exposure to contaminant (Kauppi 
et al. 2012, Gentry et al. 2004 b). 
 
Soil microbial degradation capacity is a 
prerequisite for efficient bioremediation. 
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Other factors that affect the soil 
remediation processes and biodegradation 
rate are temperature, moisture, pH-value, 
soil type, oxygen or other electron 
acceptor (sulfate, carbonate, iron, nitrate) 
content, nutrient content, chemical 
structure, bioavailability and the quantity 
of contaminants and toxic or interfering 
metabolite content (Vogt and Richnow 
2014, Grotenhuis and Rijnaarts 2011, 
Margesin 2000, Romantschuk et al. 2000). 
 
Aerobic biodegradation is more efficient 
than anaerobic biodegradation (Schreiber 
et al. 2004), and various methods to 
increase oxygen level in soil are used. In 
bioventing a low air flow is injected into 
the soil to maximize the biodegradation 
process. Other air extracting/injecting 
methods whereby the main purpose is to 
volatilize contaminants using a higher air 
flow, can also stimulate biodegradation 
(Nathanail et al. 2007). Soil porosity can 
be increased by mixing bulking agents 
such as wood chips, straw or sawdust in 
with the contaminated soil and this has 
been found to be a sufficiently effective 
aeration method in oil-contaminated soil 
piles (Kauppi et al. 2011, Jørgensen 2000). 
Oxidants such as hydrogen peroxide 
(H2O2) and ozone (O3), used in chemical 
oxidation processes, produce oxygen 
when they decompose, which can also 
benefit the aerobic biodegradation of 
contaminants (Sutton 2011, ITRC 2005). 
Problems related to H2O2 use in soil 
aeration are the rapid depletion of H2O2 
after contact with humic substances or 
metals and toxicity for microbes at high 
concentrations (Cassidy and Irvine 1999). 
A slower release of oxygen is achieved 
with solid oxygen sources, such as calcium 
peroxide (CaO2) and magnesium peroxide 
(MgO2), that decompose and release 
oxygen in the presence of water (Cassidy 
and Irvine 1999). Amendment with CaO2 
was found to be an effective method for 
the elevation of oxygen levels in 
sediments, which enhanced organic matter 
degradation by microbes (Nykänen et al. 
2012). Under anaerobic conditions, diesel 
degradation was observed to be the most 
efficient when various electron acceptors 
(sulfate, nitrate, carbonate) were used 
simultaneously whereas individually used, 
sulfate was the best of these three choices 
(Boopathy 2004).  
 
When soil is contaminated with organic 
contaminants, the soil carbon:nitrogen 
ratio (C:N) is in an imbalance due to the 
excess of carbon. Various suggestions for 
optimal C:N ratio have been given that 
range from values 5.5:1 to 560:1 (Shewfelt 
et al. 2005). Generally the 
carbon:nitrogen:phosphorus (C:N:P) ratio 
100:10:1 has been recommended as the 
optimal ratio for biostimulation but this 
should only be considered as a suggestive 
guide value (Álvaretz 2015, Chaîneua 
2005). The optimal nutrient level depends 
on the type of nutrient product, microbial 
assimilation efficiency, bioavailability of 
contaminant and characteristics of the 
contaminated environment (Walecka-
Hutchison et al. 2006). Nitrogen derived 
from ammonium (NH4-N) has been 
considered in many studies to be a more 
effective nitrogen source compared to 
nitrogen derived from nitrate (NO3-N) due 
to its short lag time before microbial 
degradation and enhanced degradation 
rate (Shewfelt et al. 2005). However, the 
use of ammonium usually requires an 
addition of a buffer if the nitrification rate 
in the soil is high, because the rapid 
transformation of ammonia to nitrate leads 
to soil acidification and hence an 
inhibition of degradation (Peltola et al. 
2006, Shewfelt et al. 2005). Also, 
fertilization dosage is an important factor 
when using ammonium and N-sources 
releasing ammonium easily. A high urea 
load in an oil-waste landfarming field was 
found to increase soil ammonium 
concentration and pH, which inhibited the 
nitrification what for the slow-releasing 
nitrogen source, methylene urea, was more 
suitable for bioremediation (Peltola et al. 
2006). Methylene urea also induced less 
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nitrification than urea, which decreased 
the risk of the nitrate leaching into the 
groundwater (Peltola et al. 2006). Adverse 
effects of excessive nitrogen input in 
diesel contaminated soil were also 
reported by Walecka-Hutchison et al. 
(2006) who proposed that fertilization 
should not be based solely on soil C:N 
ratios, but due to the variable soil textures 
it should also include soil pore water 
nitrogen (mg N/ kg soil H2O), which takes 
into account the soil moisture content. 
Excessive nitrogen input, especially on 
coarse-texture soils with low water-
holding capacities, increase fertilizer 
solutes and thus salinity of the pore water. 
This increase in salinity causes a 
depression in soil water potential, which 
expose bacteria to osmotic stress and 
reduce microbial degradation (Walecka-
Hutchison et al. 2007 and 2006). 
 
Biodegradation can weaken due to the low 
bioavailability of contaminant despite 
there being an optimal nutrient content in 
the soil. Compounds (e.g. PAHs and 
chlorinated hydrocarbons) with low water 
solubility, complex molecular structure 
and high molecular weight adsorb 
efficiently onto soil particles and make 
them recalcitrant and difficult to degrade 
(Mudhoo and Mohee 2012, Gao et al. 
2009). Hydrophobic forces on the soil 
particle surfaces induce the physical 
adsorption of organic contaminant into 
soil and it can exist in the soil as a 
particulate pollutant, liquid film, adsorbed 
onto or into soil or within the soil macro or 
micro pores (Paria 2008). Soil properties 
such as organic matter content, cation 
exchange capacity, micropore volume, 
soil texture and surface area have impacts 
on soil-contaminant interactions (Chung 
and Alexander 2002). The sorption of the 
contaminant onto soil is enhanced by a 
long contact time, and this decreases 
bioavailability of contaminant (Haritash 
and Kaushik 2009, Hatzinger and 
Alexander 1995). An increase in 
contaminant bioavailability has been 
achieved by thermal treatments (Bonten et 
al. 1999), ozonation (Haapea and 
Tuhkanen 2006) and Fenton-like chemical 
oxidation (Kulik et al. 2006). Also organic 
solvents (Bonten et al. 1999), vegetable 
oils (Mao et al. 2013, Gong et al. 2005) 
and synthetic or biosurfactants 
(Rodríquez-Escales et al. 2013, Pei et al. 
2010) have been tested for the desorption 
of hydrophobic pollutants from soil and 
the increase of biodegradation. Surface-
active compounds i.e. surfactants are 
amphiphilic molecules that contain 
hydrophobic and hydrophilic portions. 
The properties of the latter determine 
whether the surfactant is anionic, cationic, 
zwitterionic or non-ionic (Mulligan 2009, 
Paria 2008). The enhanced biodegradation 
by surfactants is caused by an increase in 
the contaminant dissolution and an 
increase in microbial cell surface 
hydrophobicity, which change the affinity 
between the microbial cell and the 
contaminant (Paria 2008). Surfactants can 
also improve the biodegradation by 
reducing toxicity of the co-contaminants. 
Chrzanowski et al. (2011) found that 
interactions between surfactant and 
chlorophenols reduced their toxicity 
improving the biodegradation of diesel 
hydrocarbons in effluent containing 
petroleum and chlorinated phenols. 
Biosurfactants are surface-active 
compounds of biological origin. They can 
be glycolipids, lipopeptides, lipoproteins, 
phospholipids or fatty acids that are 
produced by micro-organisms. The most 
studied biosurfactant type to date is the 
rhamnolipids of the glycolipid group 
(Ławniczak et al. 2013, Chrzanowski et al. 
2012, Mulligan 2009). Cyclodextrines 
(CD) can also be considered as 
biosurfactants because they are produced 
by bacteria in the enzymatic degradation 
of starch (Morillo 2012, Del Valle 2004). 
They have cylinder-like structure with a 
hydrophobic interior and a hydrophilic 
exterior (Singh et al. 2007) and the most 
used derivative β-CD has a half-life 
ranging from 0.5-1.5 years which is 
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suitable for soil remediation purposes 
(Gruiz et al. 2010). Advantages of 
biosurfactants are their biodegradability 
and their relative non-toxicity. These 
properties can also be disadvantageous as 
they can facilitate micro-organisms using 
the biosurfactant as a primary carbon 
source instead of the targeted contaminant. 
Rhamnolipids have been found to be 
biodegraded in preference to diesel oil 
(Ławniczak et al. 2013) while β-CD as the 
sole carbon source did not support 
microbial growth when its efficacy was 
investigated for microbial hydrocarbon 
degradation (Bardi 2000).  
 
1.2.2 Chemical methods 
 
In situ chemical oxidation (ISCO) is a 
method by which rapid reaction with the 
organic contaminant is achieved by 
introducing a liquid or gaseous oxidizing 
agent into the soil (Nathanail et al. 2007, 
ITRC 2005). As a result, the contaminant 
degrades completely into carbon dioxide 
and water or transforms into a more 
biodegradable form. The main oxidants 
used in soil remediation are permanganate, 
persulfate, peroxide and ozone (ITRC 
2005). In situ chemical reduction (ISCR) 
involves a reducing agent. For example, 
zero valent iron is used for contaminant 
destruction (Dolfing et al. 2008). 
Hydroxyl radicals (OH¯·) are very strong 
oxidizing agents (oxidation potential of 
2.8 V) which are formed in the 
decomposition of hydrogen peroxide 
(H2O2) catalyzed by ferrous iron (Fe2+) at 
pH 2.5-3.5 (Baciocchi 2013, ITRC 2005). 
This reaction, called Fenton´s reaction, is 
utilized in soil remediation commonly as a 
modified version. In modified Fenton´s 
process, high concentrations of H2O2 or 
calcium peroxide can be used. Chelating 
agents for iron solubilization or H2O2 
stabilization are possible. In addition, 
reaction can be done in soil natural pH or 
soil natural iron content can be used as 
catalyst (Baciocchi 2013, Goi et al. 2009, 
Goi et al. 2006). As a nonselective 
process, ISCO alters soil subsurface 
conditions and impacts soil microbial 
populations. On contrary, it has also been 
found to increase contaminant 
biodegradability, oxygen content and 
nutrient release in soil. Therefore, a 
coupled ISCO and bioremediation 
treatment can be a more effective strategy 
than either treatment alone (Sutton et al. 
2011).  
 
1.2.3 Physical methods and 
electroremediation 
 
Physical in situ remediation methods are 
based mainly on volatilization or sorption 
of contaminants (Table 2). Moreover, 
electricity can be utilized in soil 
remediation. This involves an electric field 
in the contaminated area being created by 
applying low voltage direct current (DC) 
or alternating current (AC) between 
electrodes placed into the soil (Moghadam 
et al. 2016, Gill et al. 2014). An electric 
field induces electrokinetic transport 
(including electroosmosis, electro-
migration and electrophoresis) and 
electrochemical reactions in the soil 
(Ferrarese 2010). Electroosmosis is a 
movement of liquid or soil pore water 
usually in the direction of anode to 
cathode. The electric field causes cations 
to desorb from negatively charged soil 
surface and migrate towards the cathode 
and carry water along with them 
(Niroumand et al. 2012, Pazos et al. 2010, 
Nathanail et al. 2007). In electromigration 
ions and ion complexes move toward 
opposite charged electrodes whereas 
electrophoresis is a movement of charged, 
dissolved or suspended particles in an 
electric field (Gill et al. 2014, Niroumand 
et al. 2012). In addition, electrochemical 
reactions, such as electrolysis of water 
molecules occurs at the electrodes and 
generates H+ ions and oxygen gas at the 
anode and OH- ions and hydrogen gas at 
the cathode (Pazos et al. 2010, Reddy 
2010). This causes an acidic environment 
around the anode and alkaline 
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environment around the cathode. Changes 
in soil pH and migration of ionic products 
(H+ and OH-) affect the geochemical and 
remediation processes (Reddy 2010). 
Electrokinetic remediation in combination 
with other treatment technologies can be 
utilized for the removal of both organic 
and inorganic contaminants (Gill et al. 
2014, Reddy 2010). Enhanced 
biostimulation (Suni et al. 2007), bacteria 
mobilization (Mena et al. 2012, Da Rocha 
et al. 2009, Suni et al. 2004), increased 
contaminant bioavailability (Niqui-
Arroyo and Ortego-Calvo 2010) and 
oxygen supply to soil (Ramírez et al. 
2014) have been achieved with electro-
bioremediation treatments.
 
 
 
 
 
 
 
 
 
Figure 2. Remediation treatments used for contaminated soil in some European countries 
reported in the year 2011. Modified from EEA 2014.
0 % 20 % 40 % 60 % 80 % 100 %
United Kingdom
Slovakia
Norway
Netherlands
Malta
Lithuania
Italy
Hungary
France
Finland
Estonia
Belgium
AustriaIn situ biological treatment
In situ physical, chemical,
thermal treatment
Ex situ/off site biological
treatment
Ex situ physical, chemical,
thermal treatment
Ex situ treatment (excavation,
often used in constructions of
landfills)
Other soil treatment (incl.
excavation and disposal)
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2. AIMS OF THE STUDY 
 
The general objective of this study was to 
evaluate the effectiveness of various in 
situ cleaning treatments that were deemed 
applicable to the remediation of 
contaminated soils. The treatments were 
evaluated both in small and large scale 
experiments to determine their suitability 
for real, boreal environmental conditions.  
The study focused on the clean-up of soils 
contaminated with common organic 
contaminants; oil derived hydrocarbons, 
polycyclic aromatic hydrocarbons (PAHs) 
and chlorophenols. The specific aims 
were: 
 
- to assess whether the high natural 
degradation capacity of organic 
forest soil can be utilized for the 
remediation of chlorophenol 
contaminated mineral soil (paper 
I). 
 
- to examine whether the use of the 
surfactant (methyl-β-cyclodextrin) 
would enhance the biodegradation 
of PAHs (paper II).  
 
- to compare the effects of 
biostimulation, chemical oxidation 
and natural attenuation on fresh oil 
contaminated soil (paper III). 
 
- to introduce a combination of 
methods using soil electro-osmotic 
dewatering and soil vapor 
extraction in order to remove 
VOCs from soil (paper IV). 
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3. MATERIAL AND METHODS 
 
3.1 Study sites and experimental 
set-ups 
 
Soils used in this study had originated 
from contaminated sites and two 
experiments (papers I and IV) were 
performed as field tests in situ. The 
comparison of remediation treatments in 
the pilot scale experiment involved 
contaminating the soil using a real fuel 
accident case as a model. The summary of 
the experiments is presented in Table 2 
and described shortly below. More 
detailed descriptions are presented in the 
respective papers (I-IV). 
 
3.1.1 Organic forest soil addition to 
enhance biodegradation (I) 
 
The effect of organic forest soil addition 
on chlorophenol degradation was first 
investigated on a laboratory scale using 
spiked soils and soils that had been 
obtained from old sawmill sites where 
impregnation with antifungal wood 
preservative Ky-5 had contaminated the 
soil. In addition, a field test was performed 
in the site were preservation practices had 
discontinued over 30 years ago and the site 
had become partly covered by forest. The 
experiment was set up on a 6m2 area, after 
the vegetation was first removed to reveal 
the mineral soil. The experiment plots 
were built by embedding plastic cylinders 
(diameter 50 cm) into the soil and adding 
a 10 cm layer of organic pine forest soil 
inside the cylinder. Leca gravel addition 
was used as a control treatment. Mineral 
soil samples, taken from depths of 2-10 
cm, were analyzed at the beginning and at 
the end of the experiment. 
 
3.1.2 Surfactant enhanced 
biostimulation (II) 
 
The enhanced biodegradation of PAHs in 
cresosote contaminated soil was 
investigated using nutrients and methyl-β-
cyclodextrin (CD) solution. Different CD 
concentrations (0%, 1% and 5%) were 
tested first on laboratory scale by 
circulating the nutrient-CD solutions 
through the soils. The optimum 
concentration, 1% CD, was chosen for the 
field scale experiment where nutrients 
were mixed in soil piles at the beginning 
of the experiment and the 1% CD solution 
was added one to two times per month 
during the unfrozen period. PAH-
concentrations of the soil and the 
circulated solutions were analyzed. 
 
3.1.3 Comparison of in situ 
methods in pilot scale experiment 
(III) 
 
The decontaminating effects of 
biostimulation, chemical oxidation and 
natural attenuation were compared under 
natural conditions in a pilot scale 
experiment. Soil structure was built by 
simulating the ridge area and the soil was 
contaminated with diesel and gasoline 
using a real fuel spill accident as a model. 
In the biostimulation treatment, 
oxygenated water with dissolved nutrients 
were added, whereas in the chemical 
oxidation treatment, 10% H2O2 solutions, 
were added into the soil twice per month 
during the unfrozen period. In the natural 
attenuation treatment, soil self-
remediating properties were monitored 
without any amendments. Fuel 
concentrations, bacteria growth and 
community changes in soil and in leachate 
water were monitored several times during 
the experiment. 
 
3.1.4 Electrokinetic treatment to 
enhance soil remediation (IV) 
 
Electrokinetic remediation was performed 
on the site of a former fuel station. Steel 
rods (diameter 1 cm, length 5 m) served as 
anodes and cathodes, and they were 
inserted vertically into the soil at the edges 
of the contaminated area of 30 m2. An 
electric potential of 270 V DC was applied 
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between the electrodes with a power 
source. Electro-osmosis occured in the soil 
and generated the horizontal migration of 
nutrient solutions that had infiltrated into 
the soil for 12 months. Electricity supply 
was continued without liquid amendment 
for six months, which dried out the soil. 
Part of the treated area was still 
contaminated with gasoline compounds. 
The effect of soil moisture level on VOC 
evaporation was determined on the 
laboratory scale using contaminated soil 
taken from the site. Based on the results of 
laboratory test, soil vapor extraction was 
started in the field. The soil vapor 
extraction lasted for five months. 
 
3.2 Physical, chemical and 
biological analyses  
 
The methods used in this study are 
summarized in Table 3 and described in 
detail in respective papers (I-IV). 
 
3.3 Statistical analyses 
 
Statistical methods used in the analysis of 
data are shown in Table 4. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
  
Figure 3. Field test on degradation enhancement by organic forest soil addition (paper I). 
The test area consisted of eight experiment plots (a), which had been either covered with 
Leca gravel (b) or organic forest soil layer (c).  
Figure 4. Determining the biostimulation enhancement by nutrients and surfactant on the 
field scale (paper II). Nutrients were first mixed in the soil piles (a) after which the water 
or surfactant liquid was added into the soil (b). 
a) b) c) 
a) b) 
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     a) b) 
Figure 6. In situ remediation of a former fuel station area using a) electroremediation and 
b) soil vapor extraction (paper IV). 
Figure 5. Implementation and structure of the soil column in the treatment 
comparison test (pilot scale) (paper III). 
Organic forest soil 10 cm 
Sand Ø 0.1-4 mm  
155 cm 
Stones Ø 3-6 mm, 20 cm  
Stones Ø 30-100 mm 10 cm  
Water 
1) Soil 
contamination  
2) After 4 
months, the 
removal of 
organic top soil 
3) Remediation 
treatments to the 
sand layer 
4) Samples for 
analyses taken 
from soil and 
water 
10 l  diesel + 10 l  gasoline 
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Table 4. Statistical tests used in this study 
Paper Data analyses 
I repeated measures of analysis of variance 
 univariate analysis of variance 
 independent samples t test 
 Pearson´s correlation analysis 
 Mauchly´s test 
 Levene´s test 
 Shapiro-Wilk´s test 
II multivariate analysis of variance (MANOVA) 
 Pillai´s trace test 
 Student-Newman-Keuls post-hoc test 
 Levene´s test 
 Tukey´s HSD post-hoc test 
 analysis of covariance (ANCOVA) 
III nested nested one-way ANOVA 
 non-nested one-way ANOVA 
 Student-Newman-Keuls post-hoc test 
 non-parametric Kruskall-Wallis test 
 permutation test, generalized discriminant analysis 
IV univariate analysis of variance 
 Tukey´s Post Hoc test  
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4. RESULTS AND 
DISCUSSION 
 
4.1 Enhancement of 
biodegradation (I, II, III) 
 
Soil microbial degradation capacity is 
dependent on many factors including soil 
type and environmental micro and macro 
conditions (Margesin 2000, Romantschuk 
et al. 2000). The soils used in this current 
study were mainly mineral soils with low 
organic matter content (ca. 2% in creosote 
contaminated soil and ca. 1% in oil 
contaminated soil in the treatment 
comparison test). Despite of this, the 
natural degradation capacity was apparent 
in these soils as a decrease in contaminant 
levels occurred even without any 
amendments (Table 5, papers II, III). 
Enhanced decrease of the contaminant 
occurred in recently oil contaminated and 
in longstanding creosote contaminated soil 
by biostimulation, which was achieved by 
increasing their respective soil nutrient 
and moisture content. The reduction of 
∑16 PAHs in the creosote contaminated 
soil was 32% higher in the biostimulation 
treatment compared to the natural 
attenuation, whereas in the recently oil 
contaminated soil biostimulation 
improved the C10-C40 reduction 13-16% 
compared to natural attenuation (Table 5). 
One reason for a lower contaminant 
reduction with biostimulation in fresh oil 
contaminated soil was probably the short 
aging time of the contaminants: i.e. oil 
compounds have not had sufficient time to 
have been strongly adsorbed onto the soil 
particles and large part of the oil dose was 
still in a mobile phase. Interestingly, the 
effect of biostimulation treatment was also 
found in this mobile phase. The 
contaminant leakage through the soil 
column was significantly smaller under 
biostimulation compared to other 
treatments in treatment comparison 
experiment (Fig. 7, paper III). The effect 
was seen in contaminants dissolved in 
water and also in the non-aqueous liquid 
phase (NAPL). Thus, these results suggest 
that in addition to decreasing the soil 
contaminant amounts, biostimulation can 
also decrease contaminant migration, 
especially in freshly contaminated areas, 
which could prevent possible groundwater 
contamination in some cases.   
     
Many bacteria strains, which are able to 
degrade petroleum, aromatic as well as 
polyaromatic hydrocarbons have been 
found, and most studied are species of 
Pseudomonas, Mycobacterium, Haemo-
philus, Rhodococcus, Paenibacillus, and 
Ralstonia (Tyagi et al. 2011). The 
structure of the contaminant has an effect 
on how efficient the microbial degradation 
can be. The biodegradability of 
contaminants decreases with the more 
complicated molecular structure. For 
example, the biodegradability of oil 
components decreases in the following 
order: n-alkanes > branched-chain alkanes 
> branched alkenes > low-molecular-
weight n-alkyl aromatics > 
monoaromatics > cyclic alkanes > 
polycyclic aromatic hydrocarbons > 
asphalthenes (van Hamme et al. 2003). In 
this study, the connection between 
contaminant structure and its 
biodegradability was observed with PAH-
compounds found in creosote 
contaminated soil. (paper II). The low-
molecular 2-3 ringed PAHs were 
biodegraded more efficiently than the 
larger, 4-5 ringed PAHs. The reduction 
percentages for 2-3 ringed PAHs ranged 
between 69-99%, and for the 4-5 ringed 
PAHs between 15-76% in laboratory scale 
experiment. The corresponding 
percentages found in the field experiment 
were 29-93% and 17-41% respectively. 
On the other hand, toxicity of the low-
molecular-weight compounds is usually 
higher, because of their higher volatility, 
solubility and bioavailability compared to 
the long-chained hydrocarbons (Dorn and 
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Salanitro 2000). For example, gasoline, 
that mostly comprises C4-C12 
hydrocarbons is more toxic than diesel, 
which mainly contains C10-C22 
hydrocarbons (Malk et al. 2014). Non-
biodegradability and toxicity of C5-C10 
hydrocarbons is caused by their tendency 
to disrupt lipid membrane structures of 
microorganisms (Bartha 1986). It was 
therefore surprising that biostimulation 
also reduced the concentrations of C5-C10 
hydrocarbons in leachate water in the 
treatment comparison test (Fig. 7, paper 
III). The reason might be the development 
and growth of a specific microbial 
community that was adapted to oil 
contamination and was therefore capable 
of oil hydrocarbon degradation, which 
also included low-molecular weight C5-
C10 hydrocarbons. Monitoring the 
bacterial community structures using the 
length-heterogeneity PCR (LH-PCR) 
method, indicated that the first change in 
the bacterial community profiles occurred 
after contamination and was probably due 
to the increased carbon content in soil, and 
the second change was due to the start of 
biostimulation (paper III). The 
development of a specific bacterial group 
in the biostimulation treatment was also 
observed as a reduced community 
complexity (calculated as a Shannon 
diversity index H´) and as a dissimilar LH-
PCR fingerprints between biostimulation 
and other treatments (calculated as 
Pearson correlation coefficients). This 
bacterial group was seen in the LH-PCR 
profile as a peak length of 495 bp. It was 
also found to form in oil contaminated soil 
in earlier study, which identified it to 
represent Actinobacteria (Mikkonen et al. 
2014). 
 
Nitrogen amendments in the 
biostimulation treatments of this study 
aimed at optimal carbon: nitrogen (C:N) 
ratios for biodegradation. Nitrogen was 
added into oil-contaminated soil in form of 
urea since it dissolves rapidly in water and 
is relatively easily utilized by microbes. 
An overload of nitrogen was avoided by 
using a C:N ratio 100:1 in the nutrient 
solution and the amendments were added 
only when NH4 and NO3 were not detected 
in the water passing through the soil. The 
N-sources in the creosote-contaminated 
soil, in field scale experiment were 
saltpeter (KNO3) and methylene urea in 
solid forms and they were mixed into the 
soil at the start of the experiment. 
Methylene urea is a slow-releasing N-
source and for that reason a higher 
nitrogen load with C:N ratio 20:1 was 
used. Many studies report that excessive 
fertilization can inhibit microbial 
processes and slow down biodegradation 
(Akbari and Ghoshal 2014, Kauppi et al. 
2011, Chaillan et al. 2006, Peltola et al. 
2006). Especially, when urea is used as a 
N-source, careful optimization is needed 
because an excessive application of urea 
has been found to lead to an increase of 
soil pH, and cause an inhibition of 
microbial growth and activity (Kauppi et 
al. 2011, Peltola et al. 2006). Nutrient 
supplies used in this study seemed to be at 
optimal level because soil pH did not 
increase significantly. It is therefore 
recommended that nutrient amendments 
with low amounts of nitrogen are made 
several times during the remediation 
period, especially when using an easily 
degradable N-source. 
 
The biodegradation enhancement of the 
chlorophenol-contaminated soil was 
determined by adding organic forest 
material above the contaminated mineral 
soil (paper III). Organic soils, rich in 
various organic compounds, have 
naturally high degradation potential. In 
addition, contaminants occurring naturally 
in the environment or having a similar 
structure with natural compounds are 
generally biodegraded more efficiently 
because the indigenous microbes are 
adapted to degrade them (Speight and 
Arjoon 2012). When different soil types 
were spiked with 2,4,6-trichlorophenol 
(2,4,6-TCP), bacterial degradation product 
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2,4,6-trichloroanisole (2,4,6-TCA) was 
formed in all soil types, which indicated, 
that chlorophenol degradation potential 
existed in the studied soils. The highest 
TCA/TCP ratio was seen transiently in the 
organic forest soil in the middle of the 
experiment, which most probably was due 
to the effective biodegradation of TCP and 
subsequent degradation of TCA. In the 
laboratory scale experiments, chloro-
phenol reduction both in spiked sand and 
decades old polluted sawmill soil was 
most effective when organic pine forest 
soil was on the top of mineral soils. In 
sawmill soil over 50% reduction in total 
chlorophenol concentration was achieved 
in three weeks. The effect of organic forest 
soil addition in the field experiment, 
however, was not so clear. Chlorophenol 
concentrations decreased efficiently under 
both the humus cover and under the Leca 
gravel control cover (Table 5). In the field 
scale, the contaminant distribution is 
usually heterogeneous, which was also the 
case in the current study. Chlorophenol 
concentrations varied widely in the 
experimental site with the initial mean 
being 134±167 mg kg-1 dw. In addition, 
environmental conditions changed due to 
the removal of vegetation. This most 
probably had an effect on enhanced 
degradation, which was also seen in the 
control plots. Although these factors 
appeared in real conditions, the 
degradation seemed faster and more 
efficient for the humus treatment also in 
this field experiment.    
 
4.2 The effect of surfactant in 
biostimulation (II) 
 
The interactions between contaminant and 
soil particle become stronger with the 
longer extent of the soil contamination. 
(Gao et al. 2009, Hatzinger and Alexander 
1995). This also decreases the 
contaminant bioavailability and 
consequently its biodegradation. The 
effect of methyl-β-cyclodextrin (CD) on 
enhanced PAH bioavailability and 
biostimulation was tested in creosote 
contaminated soil with a long 
contamination history. The PAH removal 
from soil was most successful (the 
highest) with treatment of CD in both 
laboratory and field scale experiments. 
(Table 5, paper II). However, with the 
higher CD concentration (5%), a large 
part, 25% of the total PAH amount, was 
extracted and remained in the treatment 
solution in the laboratory experiment. A 
similar result was found in the study 
reported by Viglianti et al. (2006). Those 
authors found that the improvement of 
PAHs extraction was proportional to both 
CD concentration and the ratio of solution 
volume to soil weight, whereas 
temperature had no effect on the extraction 
efficiency. However, in the case of 
biodegradation enhancement, PAH 
extraction should be proportional to the 
microbial degradation capacity and for 
that a relatively low CD concentration 
seems to be the most feasible option.      
 
The extraction efficiency of the 
contaminant is dependent on both the 
structure of the contaminant and the 
structure of the surfactant. PAHs with 
larger molecular weights and more 
complex structures adsorb more 
efficiently onto soil particles (Gao et al. 
2009). On the other hand, extraction 
efficiency increases when the size and 
shape of the PAH compound is 
appropriate with the hydrophobic cavity of 
the CD. In the study by Sánchez-Trujillo 
et al. (2013), the highest extraction 
percentages were obtained for 3-ringed 
PAHs when different kind of CDs were 
used. In the current experiment, smaller, 
i.e. 2-3 ringed, PAHs were also removed 
from the soil more efficiently than the 
larger 4-5 ringed PAHs. However, the use 
of CD enhanced the biodegradation of 
larger PAHs; the biodegradation of 4-5 
ringed PAHs were 10-20% higher for the 
1% CD treatment than for the 0% CD 
control treatment (paper II). The result is 
similar to that obtained by Bardi et al. 
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2000 who found that CD accelerated the 
degradation of aromatic hydrocarbons 
more than aliphatic hydrocarbons. The CD 
treatment was found to be most beneficial 
for the removal of larger PAHs with 
complex structure. Therefore, it is 
reasonable to use it at the later stage of 
remediation when easily degraded PAHs 
are removed and more recalcitrant and 
strongly adsorbed contaminants are left in 
the soil.  
 
The biostimulation enhancement with 
nutrients and CD was also evaluated under 
natural conditions on the field scale to get 
a more realistic determination of the 
treatment effectiveness. Although small-
scale, laboratory tests can give an 
estimation of the remediation performance 
and an indication of contaminant 
degradability, the potential limitations of 
field conditions might be overlooked and 
the degradation rate overestimated 
(Ławniczak et al. 2013, Aichberger et al. 
2005). This was also seen in the current 
study, when soil end point ∑16 PAH 
concentrations of field experiment were 
compared. The reduction from initial 
concentration was only 4% better for the 
CD treated than for the water treated soil 
(Table 5). It was, however, noticed that the 
PAH concentration increased 23% in the 
CD treated soil, after the start of the 
experiment (autumn 2009) and over the 
subsequent winter period (paper II). This 
was probably caused by a low microbial 
activity during the cold period; CD was 
releasing PAH compounds from soil but 
due to winter conditions, the microbial 
degradation was not efficient enough. 
Hence, PAH compounds that were 
desorbed from soil were extracted more 
efficiently in the analysis after winter than 
in beginning of the experiment. Thus, the 
real effect of CD on biodegradation 
enhancement was seen during the period 
of warm season (April-October 2010). 
During this time, the reduction rate in CD 
treatment was faster and PAH 
concentrations decreased 12% more in CD 
treated than in water treated soil (paper II). 
The results of this experiment also indicate 
that CD-treated and non-treated samples 
may not be directly comparable due to the 
increased PAH extractability caused by 
the CD treatment. Although it has been 
found that different PAH compounds are 
extracted from soil with different 
extraction efficiencies (Gao et al. 2009), 
the effect of CD on PAH yield in chemical 
analysis should be investigated further.  
 
4.3 Chemical oxidation (III) 
 
The effect of chemical oxidation as a 
remediation method in fresh, oil 
contaminated soil was investigated in pilot 
scale experiment in which it was 
compared to two other treatments, namely: 
biostimulation and natural attenuation. 
The oxidation treatment was implemented 
without any additives, as a modified 
Fenton´s reaction using 10% H2O2 
solution as the oxidizing agent. A similar 
treatment in slurry batch experiments was 
previously found to be effective for diesel 
and transformer oil contaminated sandy 
soils when testing in laboratory scale (Goi 
et al. 2009). In the current study, however, 
chemical oxidation did not enhance the oil 
removal from soil under field scale natural 
conditions. The reduction was similar to 
found under natural attenuation, i.e. the 
control treatment (Table 5, paper III). One 
reason for this was most probably the 
H2O2 levels that were too low to have an 
effect as an oxidizing agent in deeper soil 
layers. H2O2 is a non-selective and 
moderately strong oxidant and thus it can 
easily react with non-target ‘natural 
constituents’ of the soil, which in turn 
cause the rapid decomposition of H2O2 
and consequent reduced oxidant delivery 
(Baciocchi 2013). In this experiment, the 
volumes of the treatment liquid were kept 
relatively low to better simulate the 
realistic remediation procedure and to 
avoid the flushing of the contaminant from 
the soil.  Moreover, using similar volumes 
in both biostimulaton and oxidation 
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treatments, enabled the comparison of 
contaminant leachate through the soil in 
these methods. 
 
Earlier studies have reported several 
unfavorable effects related to Fenton 
based chemical oxidation treatments. 
These include changes in soil pH and 
redox conditions, toxic and damaging 
effects on microbial populations, 
increased dissolution of organic matter, 
metals and hydrophobic compounds from 
soil and volatilization of some 
contaminants (Sutton et al. 2014, Sutton et 
al. 2011, Villa et al. 2008, Ferguson et al. 
2004). Also, in this study, the mobilization 
of contaminants via both increased NAPL 
emissions and dissolved contaminants was 
observed (Fig. 7, paper III). In addition, 
with the oxidation treatment the soil pH 
decreased and the aluminium leachate 
increased. However, the harmful effects 
on microbial communities were not found. 
Contrary to expectations, microbial 
abundances slightly increased towards to 
the end of the experiment and the 
community structure remained relatively 
unchanged during the treatment period 
(paper III). The reason for slightly 
elevated microbial growth was most 
probably due to the decomposition of 
H2O2 in the soil, which produced O2 and 
improved soil aerobic conditions, which 
has also been reported in other studies as 
enhanced biodegradation after oxidation 
treatment (Sutton et al. 2011, Tsai et al. 
2009, Kulik et al. 2006).    
 
4.4 Electroremediation (IV) 
 
Electro-osmosis in combination with other 
remediation methods were applied to the 
soil of a former fuel station site, where the 
soil was contaminated with oil derived 
compounds over decades of normal fuel 
station activity. The first treatment in the 
area had been soil vapor extraction, which 
was found to be inefficient due to the 
dense and wet soil. Soil vapor extraction is 
a suitable method for the removal of 
volatile, insoluble contaminants, but it is 
most efficient in permeable soils where air 
can flow freely (Boudouch et al. 2012, 
Nathanail et al. 2007).  
 
Electroremediation was started using 
electro-osmosis in combination with 
biostimulation. The aim was to create a 
horizontal migration of nutrient solutions 
and thus increase the microbial 
degradation in the whole contaminated 
area. A study by Suni et al. 2007, used this 
treatment combination in a former, 
creosote contaminated impregnation plant. 
Those authors reported a 50-80% decrease 
in PAH concentrations and 30% decrease 
in mineral oil concentrations. In the 
current study, diesel hydrocarbons C10-C40 
were efficiently decreased after one-year 
of treatment, however relatively high 
concentrations of gasoline derived C5-C10 
compounds still remained (paper IV). 
Electrokinetic treatment was continued 
without liquid addition for six months 
during the winter, which led to dewatering 
and increase in soil temperature with the 
dry matter content of 92-95% at the end of 
drying period. Furthermore, a decrease in 
the consumption of electricity was found; 
during liquid addition the consumption 
was 7A (1.9kW) but without addition the 
consumption fell to levels below 0.5A 
(135 W) due to the low conductivity in dry 
soil.  
 
Soil properties such as grain size, moisture 
content, permeability and temperature 
affect to effectiveness of soil vapor 
extraction. Treatment has been found to be 
faster under dry and warm conditions 
(Huon et al. 2012). In current study, the 
dewatering of soil enabled the renewal of 
SVE treatment in the studied area. Before 
SVE was started in the field, the effect of 
soil moisture on evaporation was tested in 
the laboratory experiment with a 
representative soil sample from the 
contaminated area. The soil was wetted to 
various saturation degrees that ranged 
from of 0% (equal to soil moisture in the 
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field after electrokinetic drying) to 100%. 
VOC evaporation rate was the highest in 
the driest soil (0% saturation degree) for 
the first 22 days and the lowest in the 
wettest soil (100% saturation degree) for 
the whole experiment (paper IV). 
Moreover, the reduction of hydrocarbon 
C5-C10 concentrations in soil was 
proportional to saturation degree; 
concentrations were lowest in the 0% 
saturation degree treatment (Table 8). The 
results confirmed that VOC evaporation is 
effective in dried conditions and based on 
this result the SVE treatment was started 
in the field. After five months of SVE 
pumping, the C5-C10 concentrations of the 
soil were decreased by around 90% from 
the initial mean values (Table 8). 
Electrokinetically enhanced soil vapor 
extraction efficiently removed volatile oil 
derived compounds but could also be 
useful for other volatile and recalcitrant 
soil contaminants. 
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Figure 7. The contaminant amounts (mean ± SD) that passed through the soil along 
with water in the treatment comparison experiment (paper III). Total amounts are 
calculated separately for the untreated (4 months, n=6) and treated (12 months, n=2 in 
each treatment) periods.  
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5. CONCLUSIONS  
 
This study highlighted advantages and 
disadvantages of different in situ 
remediation methods suitable for the 
removal of some common organic soil 
contaminants.  
 
Biostimulation was found to be the most 
effective treatment for the decrease of 
easily biodegradable organic contami-
nants in soil. It can be recommended as a 
first treatment in the bioremediation of oil 
and PAH contaminated soils. 
Biostimulation of fresh oil-contaminated 
soil reduced contaminant leakage through 
the soil, which indicated that it can help 
prevent contaminant migration into the 
groundwater.  
 
Methyl-β-cyclodextrin was found to be 
useful in the solubilisation of larger, 4-5 
ringed PAHs in soil. It is most beneficial 
in biodegradation enhancement of 
contaminants with complex structures, 
which are strongly adsorbed onto soil. For 
the bioremediation purposes, the 
desorption of the contaminant from the 
soil should be proportional to the 
microbial degradation capacity. Thus, 
relatively low CD concentration is most 
feasible.  
 
Organic forest soil has a high natural 
chlorophenol degradation capacity. 
Remediation of chlorophenol conta-
minated mineral soil can be achieved via 
organic soil addition but more 
investigation is needed to ascertain the 
effect under real environmental 
conditions. 
 
Chemical oxidation, based on a modified 
Fenton reaction, did not enhance the 
decontamination of fresh oil contaminated 
soil. Unfavorable effects seen for this 
treatment approach were the mobilization 
of contaminants and aluminum. Relatively 
high quantities of reagent are probably 
needed to achieve the contaminant 
degradation, which can be a challenge 
under real environmental conditions.    
 
Electrokinetic treatment was functional 
for the dewatering of a wet soil, after 
which the soil vapor extraction was 
efficient for the removal of oil derived 
volatile organic compounds. A 
combination of different methods, applied 
in the correct sequence can therefore 
increase the effectiveness of soil in situ 
remediation and enables the removal of 
different kinds of contaminants.     
 
Laboratory scale tests using soil from 
contaminated sites are applicable to 
estimate the most appropriate remediation 
method or sequence of methods for the 
contaminated area to be cleaned. Larger 
scale simulations give a more realistic 
prediction of the remediation performance 
under real environmental conditions.  
 
In future, the data and methods obtained 
from various in situ treatments, 
implemented in the field, should be 
collected and published in a form available 
for everyone. Increased knowledge of both 
workable practices and more challenging, 
unworkable methods would benefit the 
parties acting in the field of soil restoration 
and would possibly encourage the use of 
in situ remediation methods more.    
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